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Randomization of Left±Right Asymmetry due to Loss of
Nodal Cilia Generating Leftward Flow of Extraembryonic
Fluid in Mice Lacking KIF3B Motor Protein
the microtubule-dependent transport within eukaryotic
flagella and cilia (Kozminski et al., 1995; Tabish et al.,
1995; Morris and Scholey, 1997; Cole et al., 1998).
To elucidate the function of the KIF3 complex in vivo
and the biological significance of the transport per-
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Graduate School of Medicine formed by KIF3, we generated KIF3B knockout mice.
The kif3B2/2 mice did not survive beyond midgestation,University of Tokyo
7-3-1 Hongo, Tokyo, 113-0033 and the embryos exhibited apparent morphological ab-
normalities including randomized left±right (L±R) asym-Japan
metry, pericardial sac ballooning, growth retardation,
neural tube closure defect, and neural tube staggering.
Among these phenotypes, we focused on the random-Summary
ization of L±R asymmetry.
The L±R asymmetry first becomes anatomically ap-Microtubule-dependent motor, murine KIF3B, was dis-
parent in the orientation of the heart tube looping (Kauf-rupted by gene targeting. The null mutants did not
man, 1992), but it is already detectable at the somitogen-survive beyond midgestation, exhibiting growth retar-
esis stage by asymmetric expression of several genes,dation, pericardial sac ballooning, and neural tube dis-
such as lefty-1, lefty-2, nodal, and Pitx2, with expressionorganization. Prominently, the left±right asymmetry
being observed in the left side in most cases (reviewedwas randomized in the heart loop and the direction
in Harvey, 1998). Ex utero culture experiments of ratof embryonic turning. lefty-2 expression was either
embryos showed that the determination of L±R asymme-bilateral or absent. Furthermore, the node lacked
try occurs during the early neural plate stage (Brown etmonocilia while the basal bodies were present. Immu-
al., 1991; Fujinaga and Baden, 1991). On the other hand,nocytochemistry revealed KIF3B localization in wild-
the results of many studies have implicated that thetype nodal cilia. Video microscopy showed that these
node, a transient structure during gastrulation, is impor-cilia were motile and generated a leftward flow. These
tant for L±R determination (reviewed in Harvey, 1998).data suggest that KIF3B is essential for the left±right
Also, ciliary beating has been speculated to be importantdetermination through intraciliary transportation of
for establishing the L±R asymmetry from the results ofmaterials for ciliogenesis of motile primary cilia that
research into immotile cilia syndrome (Afzelius et al.,could produce a gradient of putative morphogen along
1975). Nodal cells have monocilia on the ventral surfacethe left±right axis in the node.
(Sulik et al., 1994; Bellomo et al., 1996). Recently, a
mouse axonemal dynein gene, left/right dynein (lrd), has
been identified as being the gene responsible for inver-Introduction
sus viscerum (iv) and legless (lgl), which cause a random-
ization of the L±R asymmetry in homozygous mice (SuppIn eukaryotic cells, proteins and lipids are sorted and
transported to their correct destinations at distinct ve- et al., 1997). lrd expression is exclusive to nodal cells
at 7.5 days postcoitum (dpc; Supp et al., 1997). However,locities by each organelle or protein complex. Kinesin
superfamily proteins (KIFs) have recently been revealed the importance of the nodal cilia in L±R determination
has been ignored because of the controversy over theirto be a molecular motor superfamily involved in these
processes, conveying their own cargoes along microtu- motility (Sulik et al., 1994; Bellomo et al., 1996).
In this study we found that KIF3B-deficient micebules (Goldstein, 1993; Hirokawa, 1993, 1996, 1998; Bloom
and Endow, 1995). Among these KIFs, murine KIF3A lacked nodal cilia where KIF3B is localized in wild-type
embryos and also exhibited a randomized L±R asymme-and KIF3B, together with an associated protein, KAP3,
form a heterotrimer named the KIF3 complex. These kif3 try. Further, using video microscopy we clearly demon-
strated that wild-type nodal cilia are motile and generategenes are expressed abundantly in neurons, and their
expression is also detected in other tissues. In nerve a leftward flow of extraembryonic fluid in the nodal area.
These data suggest that this leftward flow of extraem-tissue, we have previously reported that the KIF3 com-
plex works as a microtubule plus end±directed motor for bryonic fluid at the node, ªthe nodal flow,º is one of
the earliest events of the mammalian L±R determinationthe transport of a certain class of membrane organelles
distinct from the synaptic vesicle precursors (Aizawa et process.
al., 1992; Kondo et al., 1994; Yamazaki et al., 1995, 1996).
In other organisms, KIFs closely related to KIF3, such Results
as sea urchin kinesin II (Scholey, 1996), Chlamydomonas
FLA10 (Walther et al., 1994), C. elegans Osm3 (Shakir Targeted Disruption of kif3B Gene
et al., 1993), and a fish photoreceptor KIF3 antigen We disrupted the mouse kif3B gene with a poly(A) trap-
(Beech et al., 1996), have been found to be involved in type targeting vector (Figure 1A). The neo cassette re-
placed most of the first exon encoding the entire kinesin
motor domain that is conserved among the KIFs. Three* To whom correspondence should be addressed (e-mail: hirokawa@
m.u-tokyo.ac.jp). independent mouse strains were established from the
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Figure 1. Targeted Disruption of the Mouse
kif3B Gene
(A) Schematic representation of the targeting
design. Identified exons of the kif3B gene are
painted in black. Most of the first coding exon
was replaced by the neo cassette, leaving its
39 end as the splice donor site for the poly(A)
trap positive selection strategy (Yagi et al.,
1993). A, ApaI; A1T/pau, AT-rich RNA poly-
merase II destabilizing signal and pausing
signal (Yagi et al., 1993); MCI DT-A, diphtheria
toxin A-fragment with a MCI promotor; neo,
polyA-less neomycin resistant gene.
(B) Southern blot analysis of the ES clones.
Genomic DNA from the ES cells was digested
with ApaI and subjected to hybridization with
the probe indicated in (A). The knockout allele
and wild-type allele were respectively de-
tected as 9.7 kb and 18.6 kb bands (arrow-
heads).
(C) Western blot analysis of 9.5 dpc embryos
probed by an anti-KIF3B polyclonal antibody
(see text). Although the same amount (6 mg)
of the total protein was loaded, the specific
85 kD band (arrowhead) of KIF3B was not
detected in kif3B2/2 embryos.
embryonic stem (ES) homologous recombinants (Figure development. In order to determine the position of KIF3B
in the signaling cascade for L±R determination, we ex-1B) and subjected to the following analyses.
Disruption of KIF3B in these strains was confirmed amined lefty-2 expression by whole-mount in situ hy-
bridization. lefty-2 is one of the earliest left-definingby immunoblotting with a polyclonal antibody against
KIF3B (Yamazaki et al., 1995). The crude extracts of genes expressed only in the left lateral plate mesoderm
(LPM) at a-few-somite stage (Meno et al., 1996, 1997).kif3B2/2 embryos at 9.5 dpc gave no specific stainings
(Figure 1C). Accordingly, we detected left-specific expression of
lefty-2 in most wild-type embryos (10/12; Figure 3A). In
the remaining two embryos no signal was detected,kif3B2/2 Embryos Exhibited Randomized Left±Right
which may have been due to a technical failure. On theAsymmetry and Midgestation Lethality
other hand, lefty-2 expression in kif3B2/2 embryos waswith Multiple Malformations
either bilateral (4/10; Figure 3B) or absent (6/10; data notkif3B1/2 mice were healthy and fertile without any appar-
shown). These data suggest that KIF3B acts at an earlierent abnormality. Intercrosses between these heterozy-
step than lefty-2 in the L±R determination pathway.gotes did not result in homozygous pups. Then we ex-
amined the embryonic development.
The kif3B2/2 embryos were present at nearly the ex- KIF3B Is Essential for Ciliogenesis
pected frequency (25.6%) at 9.5 dpc, but they were of the Nodal Cells
never found at 12.5 dpc. The null mutants at 9.5 dpc were The influence of KIF3B disruption on ciliogenesis was
smaller than the controls and had not started embryonic examined at the node in 7.5 dpc embryos. Scanning
turning in most cases (Figures 2A and 2B). Ballooning electron microscopy of the nodal region revealed that
of the pericardial sac was observed, indicating cardio- a short single cilium emanates from each nodal cell in
vascular defects. As for the L±R asymmetry, 16 out of the wild-type embryos (Figures 4A and 4C). These cilia
46 homozygotes showed reversed heart L loops (Figures were completely absent in nodes of mutant embryos at
2C and 2D), while the rest had normal D loops. Likewise, this stage (Figures 4B and 4D), which did not present any
the null mutants that started the embryonic turning other apparent morphological defects (data not shown).
curled their tails to either the left or right side of their Further analysis with transmission electron microscopy
bodies, while the controls curled uniformly to the right showed that only the basal bodies were present in the
side (data not shown). In null mutants, neural tube forma- mutant nodal cells (Figures 4G and 4H).
tion was severely disorganized at more advanced stages. In order to examine the direct commitment of KIF3B in
The rostral neural tube of kif3B2/2 embryos was not the ciliogenesis, we immunostained the wild-type nodal
closed and showed exencephaly (Figure 2F) at 11.5 dpc. cells against KIF3B for observation at both light and
In more caudal regions, their developing spinal cords electron microscopy levels. We detected dotty KIF3B
were abnormally staggered (Figure 2H). These pheno- staining in all the observed cilia (Figures 5A and 5C),
types suggest a relative overproliferation of the neuroec- which were identified by counterstaining against a-tubu-
toderm. lin (Figures 5B and 5C). The significance of these results
was confirmed by a negative control experiment, where
normal rabbit IgG in place of the anti-KIF3B antibodylefty-2 Expression Was Affected
in kif3B2/2 Embryos gave no signal in the cilia under the same staining condi-
tions (Figure 5D). The electron microscopic analysis us-In this study, we demonstrate that KIF3B is essential
for the determination of the L±R asymmetry in mouse ing the avidin-biotin-peroxidase complex (ABC) method
Disruption of kif3B Leads to Random L±R Asymmetry
831
Figure 2. Morphological Abnormalities in kif3B2/2 Embryos
(A±D) Scanning electron micrographs of wild-type (A and C) and kif3B2/2 (B and D) embryos at 9.5 dpc. (A and B) The full-length portraits.
Wild-type embryos at this stage have already turned with a right-sided tail (A), while kif3B2/2 embryos remained unturned (B). In (B), the
dilated pericardial sac was removed. (C and D) The heart looping at higher magnification, showing an inverted L loop in the null mutants (D).
(E±H) Serial frontal sections of 11.5 dpc embryos at equivalent positions of a control (E and G) and a mutant (F and H). Although the rostral
neural tube (arrowhead in [E]) had already been closed in the control embryos (E), kif3B2/2 embryos showed a mushroom-like exencephaly
(arrowhead in [F]). Developing spinal cord was smooth in control embryos (G) but abnormally staggered in the kif3B2/2 embryos (H). The
pericardial ballooning of the kif3B2/2 embryo is indicated by an arrow in (F). The apparently longer crown-rump lengths of the kif3B2/2 embryos
([E] , [F], [G] , [H]) reflect their looser body curling.
also detected significant localization of KIF3B in the appeared vortical. We then added small fluorescent la-
tex beads to the embryo culture medium to visualizecilium compared with the negative control experiments
the flow of extraembryonic fluid caused by these cilia.using normal rabbit IgG (Figures 5E and 5F).
Interestingly, the beads moved leftward across the node
(Figure 6A). Some of the beads spun counterclockwiseNodal Cilia Rotate to Produce a Constant
when they came close to the rotating cilia (Figure 6B).Leftward Flow
These movies can be found on the Cell web site (http://In order to assess whether the nodal cilia are really
www.cell.com/cgi/content/full/95/6/829/DC1). Thesefunctional, we observed their motility by video micros-
movements seemed restricted only to the node, as wecopy. They were certainly motile, and the beating pattern
could not detect any directional movements of the
beads in the periphery of the node (data not shown).
To confirm the critical importance of the cilia for the
leftward flow, we quantified the bead movements in the
nodes of wild-type and kif3B2/2 embryos. Quantification
was performed by plotting all the visible beads within a
certain time period. Almost all of the observed beads
(28/29; Figure 6C) migrated leftward in the wild-type
node, whereas in the mutants the movement of beads
resembled Brownian motion. The beads did not move
a significant distance compared with those in the wild
type, and the direction of the movement, if it was de-
tected, was random (29; Figure 6D).
Discussion
Figure 3. Altered lefty-2 Expression in kif3B2/2 Embryos
KIF3B Is Involved in an Early Step
(A) A wild-type embryo at 8.0 dpc expressing lefty-2 only in the left
of L±R Determinationlateral plate mesoderm.
KIF3B-deficient mice presented multiple developmental(B) A littermate null mutant embryo with bilateral expression. Some
phenotypes of body size, heart, neural tube, ciliogen-kif3B2/2 embryos gave no detectable signals (see text). The sense
probe also did not give any signal (not shown). esis, and L±R asymmetry. The overall phenotypes of
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Figure 4. Absence of the Nodal Cilia in kif3B2/2 Embryos
(A±D) Scanning electron micrographs of wild-type (A and C) and kif3B2/2 embryos (B and D) at 7.5 dpc. (C) and (D) are at a higher magnification
to clarify the aciliary phenotype. Direction of the node in the embryo is indicated (A, anterior; P, posterior; L, left; R, right). The shape of the
node is triangular and tapers toward the anterior end (A and B). Each of the nodal cells possesses a single cilium (arrows, [C]). These cilia
were absent (D) in the node of kif3B2/2 embryos.
(E±H) Transmission electron micrographs of the nodal cells of a wild-type (E and F) and a kif3B2/2 embryo (G and H). The wild-type nodal
cells have the cilia (E) with an accessory centriole perpendicular to the basal body (arrowhead, [E]) and a 910 microtubule arrangement (F).
In kif3B2/2 embryos, the cilia were absent, but the basal bodies were present (G and H).
KIF3B mutants were somewhat similar to those of the the nodal cilia with both light and electron microscopic
analyses (Figure 5). Furthermore, its disruption arrestedspontaneous mouse mutant no turning (nt) (Melloy et
al., 1998). In this study we focused on the relationship ciliogenesis, leaving only the basal bodies (Figure 4).
Previous reports on KIF3 family proteins in other organ-between the ciliary defect and the randomized L±R
asymmetry phenotype. isms (reviewed in Hirokawa, 1998) suggest that they
are involved in intraflagellar or intraciliary transport. ForThe expression of the lefty-2 gene in kif3B2/2 embryos
was either bilateral (Figure 3B) or suppressed (data not instance, Chlamydomonas ortholog FLA10 protein trans-
ports large protein complexes along the outer doubletshown). This result indicates that KIF3B is committed
to an event earlier than lefty-2 in the establishment of microtubules just below the plasma membrane and de-
the L±R asymmetry. This alteration of lefty-2 expression livers some flagellar components toward the tips where
pattern seems to be due to a nodal defect, as this pattern they are integrated (Cole et al., 1998). Our present data
was similar to that observed in the HNF3b mutant mice, suggest that KIF3B is involved in a similar transport
which lack a definitive node and notochord (Dufort et mechanism.
al., 1998). Although the importance of the notochord as a
ªmidline barrierº has been suggested in L±R asymmetry
establishment (reviewed by Harvey, 1998), the noto- Vortical Movement of Primary Cilia in the Node
chord, as well as other regions in the body, looked nor- Another novel finding regarding the nodal cilia was their
mal in the KIF3B mutants at 8.5 dpc by our preliminary vortical motion (Figure 6B). Their structural features
histological analysis (data not shown). In iv/iv mutants, such as the 910 arrangement of the microtubules (Fig-
lefty-2 is expressed in either single side (Meno et al., ure 4F) and basal diplosomes (Figure 4E) fit the criteria
1996). This L±R anomaly also seems to be derived from of primary cilia, which have generally been considered
some nodal dysfunction, as the responsible lrd gene is to be immotile. A rare exception is the solitary cilia of
exclusively expressed in the node (Supp et al., 1997). immature rabbit oviductal epithelium (Odor and Blandau,
1985). They were reported to be motile, while their micro-
tubules are heterogeneous with either 910 or 912 ar-KIF3B Is Essential for Ciliogenesis
rangement. Thus, the nodal cilia are one of the firstIn the present study, we show one of the first pieces of
definite examples of motile primary cilia. This findingevidence that mouse KIF3B is involved in ciliogenesis
will stimulate reconsideration of the motility of primaryin a similar way to its putative counterparts in other
organisms. We have shown the localization of KIF3B in cilia through actual examination of the motility.
Disruption of kif3B Leads to Random L±R Asymmetry
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Figure 5. Ciliary Staining of KIF3B
(A±C) Double labeling of wild-type nodal cilia
with anti-KIF3B (green, [A]) and anti-a-tubulin
(red, [B]) antibodies. The merged image (C)
shows dotty KIF3B signals in all the cilia.
(D) Negative control staining with normal rab-
bit IgG (green) and the anti-a-tubulin antibody
(red), where no yellow dots appear in the cilia.
(E±G) Immunoelectron microscopy of the
nodal cells probed with an anti-KIF3B anti-
body (E) and normal rabbit IgG (F and G).
Significant KIF3B staining was detected in
the cilium compared to the controls. Addi-
tionally, vesicular KIF3B staining was also de-
tected in the cytoplasm (E).
The motility of the nodal cilia will lead to a novel expla- and sperm flagella (Handel and Kennedy, 1984). Another
conflict is that their lefty-2 expression pattern was differ-nation of the lrd function responsible for the iv mutation.
Since lrd is a putative axonemal outer arm b-dynein ent from those of kif3B2/2 and hnf3b2/2, as mentioned
above. These conflicts might be explained by futureheavy chain gene (Supp et al., 1997) and immotile cilia
syndromes in mammalian species often accompany the research into the functional redundancy and divergence
of axonemal dyneins. According to studies on Chlamy-randomization of the body situs (Afzelius, 1995), it would
be more likely to suppose that lrd contributes to the domonas, axonemes lacking an outer arm dynein remain
motile by the use of other dynein isoforms, and in suchmotility of the nodal cilia than the cytoplasmic organelle
transport. An apparent conflict with this view is that iv cells an altered beating pattern is observed (reviewed
in Kamiya, 1995). Thus, it is possible that the iv/iv nodalmutation does not affect the motility of tracheal cilia
Figure 6. The Nodal Flow
(A) Traces of three fluorescent bead aggre-
gates moving leftward in a wild-type node.
The broken line indicates the outline of the
node.
(B) Counterclockwise swirls around the nodal
cilia. A trace in the squared region of (A) was
plotted at 0.1 s resolution. The bead spun
counterclockwise in the vicinity of beating
cilia (asterisks).
(C and D) The traces of the beads in a kif3B1/2
(C) and a kif3B2/2 (D) node were superim-
posed on the DIC images. Although the net
movement of the beads was leftward in the
kif3B1/2 node ([C], see text), only random walk
movements were observed in the kif3B2/2
node (D).
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cilia are motile but unable to produce directional flow.
In addition, our previous phylogenetic study suggests
that mammalian species have two putative axonemal
outer arm b-dynein heavy chain genes (Tanaka et al.,
1995). Therefore, it is possible that only the movement
of the secondary cilia, whose movement and structure
are considerably different from those of the primary cilia,
is rescued by the other outer arm b-dynein.
The Nodal Cilia Generate a Leftward Flow
of Extraembryonic Fluid
We clearly demonstrated a leftward flow of extraembry-
onic fluid in the node. This is the earliest L±R asymmetry
discovered so far in mouse development. We have
named it the nodal flow.
The nodal flow is not thought to be an experimental
artifact for the following reasons. First, the extent of the
nodal flow was restricted to the node, which is unlikely
to be caused by a fluid leakage from the chambers.
Second, it continued throughout the observation period
of over 20 min. Third, the direction of the flow was de-
Figure 7. A Model for L±R Determination in the Node
pendent only on the embryo itself; that is, it was always
(A) Normal mouse development. In the yolk sac cavity, an unknown
toward the left side of the embryo irrespective of the secreted factor (X) is transported by the nodal flow (arrow) and
angle between the embryo and the chamber. Finally, becomes concentrated at the left side of the node. Binding of X to
the flow was not detected in KIF3B mutant embryos that its receptors (r) triggers expression of the left-defining genes.
(B) KIF3B-deficient mouse development. X diffuses to produce alacked the nodal cilia (Figure 6D). Thus, it is strongly
uniform concentration. Triggering occurs on both sides or neitherbelieved that the cilia are the generators of the nodal
side, depending on the concentration of X.flow.
It appears strange that we could observe only the
leftward flow. Counterclockwise swirls generated by in-
study is required to uncover the precise mechanism ofdividual cilia in the node should be offset with each
the flow generation and to resolve the question aboutother to result in a global counterclockwise swirl around
the function of the node on L±R determination.the node. This swirl should appear as a rightward flow in
the anterior region and as a leftward flow in the posterior.
A Novel Model of the DeterminationThen why was the rightward flow not detectable? A
of L±R Asymmetrypossible explanation is as follows. The node is triangular
Our data suggest that KIF3B serves to determine thein shape (Figure 4A) with its anterior end tapered, so
L±R asymmetry by participating in the assembly of mo-that there is a negative gradient in the number of cilia
tile cilia that produce the nodal flow. We propose atoward the anterior end. Thus, the offset between the
model of how the node determines L±R asymmetry (Fig-neighboring swirls in the anterior±posterior (A±P) direc-
ures 7A and 7B). In this model, a putative secreted factortion will make a weak rightward flow in the tapered
is concentrated to the left by the nodal flow, and thisregion. At the posterior edge of the node, only the left-
then triggers the downstream signaling cascade of left-ward portions of the individual swirls will be synergically
defining genes.intensified. Therefore, the global swirl as mentioned
This model is supported by the following previousabove will appear as the sum of a weak and wide
data. Rat embryo culture experiments estimated the tim-rightward flow at the anterior region and a strong and
ing of the L±R determination as the early neural platenarrow leftward flow at the posterior.
stage (Brown et al., 1991; Fujinaga and Baden, 1991).The above hypothesis suggests the importance of the
This coincides well with the onset of the nodal flow.nodal shape in generating the leftward flow. In fact, we
Moreover, this model can explain why cultured embryosfailed to detect the nodal flow in an embryo at late
frequently reverse their body situs. Because of the re-somitogenesis stage even though its cilia were still mo-
moval of the Reichert's membrane during the culturingtile (data not shown). The node of this embryo was more
procedure, the cultured embryos lack the yolk sac cavityingressive and no longer triangular in shape. The mecha-
and thus expose the node to the outer environment.nism could then be paraphrased as a conversion of the
External turbulence against the nodal flow or diffusionA±P polarity into L±R asymmetry by the chiral motility
out of the L±R determinant may disturb the gradient ofof the nodal cilia. Interestingly, this conversion was the
the determinant. Identification of this hypothetical L±Rvery mechanism that Brown and Wolpert (1990) had
determinant and its behavior after secretion will behypothesized as the mechanism of the initial decision
needed in the future.of L±R asymmetry. In chick development, however, it is
After all, the discovery of the nodal flow will open abelieved that the node does not create the initial infor-
new direction of the research into the embryonic pat-mation of laterality, but that it receives the information
terning. This discovery emphasizes the importance offrom the surrounding tissue (Levin et al., 1995; PagaÂ n-
Westphal and Tabin, 1998). Therefore, more detailed KIF3B for extracellular flow, which generates a gradient
Disruption of kif3B Leads to Random L±R Asymmetry
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a critical point with a JEOL JCPD-5, coated with gold by a JEOL JFC-of secreted morphogens through the assembly of motile
1100 ion sputter, and observed with a JEOL JSM-5200 scanningprimary cilia in the node. Further investigations of the
electron microscope at 20 kV. For transmission electron micros-significance of the nodal flow in L±R determination
copy, embryos were dissected and fixed as described above, with
would help our understanding of developmental dy- a postfixation for 1 hr. They were electron stained with 1% uranyl
namics. acetate for 1 hr, dehydrated with a graded alcohol series and propyl-
ene oxide, embedded in Quetol-812 (Nisshin EM), ultrathin sec-
tioned, and viewed with a JEOL JEM2000 at 100 kV.Experimental Procedures
Gene Targeting of kif3B Whole-Mount In Situ Hybridization
A l EMBL3 genomic library of ES cell line J1 (Tanaka et al., 1998) Embryos at 8.0 dpc were dissected and fixed with 4% paraformalde-
was screened with a 32P-radiolabeled probe corresponding to nt hyde/PBS. They were staged, and those with one to five somites
1±305 of kif3B cDNA (Yamazaki et al., 1995; EMBL/DDBJ accession were selected for the analysis. DIG-labeled lefty-2 antisense and
number D26077) amplified by PCR following the standard methods sense probes were raised from a plasmid kindly provided by H.
(Sambrook et al., 1989). Two isolated clones, K1 (14.5 kb) and K2 Hamada (Meno et al., 1997) using a DIG RNA Labeling Kit (Boeh-
(13.3 kb), were subcloned into pBluescript II SK1 (Stratagene) and ringer Mannheim) and subjected to analysis as described by Hen-
mapped with major restriction enzymes. K1 and K2 were proven to rique et al. (1995).
overlap completely in the 6.6 kb region, ruling out any artificial
recombinations in this region. The validity of the other regions was
Immunocytochemistry of the Nodal Ciliaconfirmed by Southern blot analysis. Some exon±intron boundaries
For fluorescent microscopy, 7.5 dpc wild-type embryos were fixed inwere determined by sequencing with an ABI 373A autosequencer
3% paraformaldehyde/10 mM taxol (kindly provided by N. R. Lomax)/(Perkin Elmer). Introns were found just after 1468, 1570, and 1693
100 mM PIPES/1 mM EGTA, 1 mM MgCl2 (pH 7.3) for 1 hr at RT.nt of the kif3B cDNA sequence. To construct the targeting vector,
Cryosections (14 mm thick) were produced with a Leica CM3000an EcoRI±BamHI poly(A)-less fragment of pPGKneopA (kindly pro-
cryomicrotome and mounted on glass slides. The sections werevided by T. Noda) was flanked by a 6.2 kb XhoI±XbaI fragment and
permeabilized with 0.1% Triton X-100/PBS for 30 min at RT,a 1.4 kb EcoRI±KpnI fragment of K1 on pBluescript, and the whole
quenched with 50 mM glycine/PBS for 30 min at RT, and blockedligated fragment was inserted into a DT-A cassette B plasmid
with 5% skim milk (Difco)/PBS for 30 min at RT. Then they were(GIBCO-BRL). The linearized vector was electroporated into cells
incubated with both 5 mg/ml of anti-KIF3B antibody (Yamazaki etfrom the ES cell line J1, and G418-resistant clones were screened
al., 1995) or normal rabbit IgG (Cappel) and 1/100 diluted anti-a-by Southern blot analysis as described previously (Harada et al.,
tubulin monoclonal antibody DM1A (Sigma) in 5% skim milk in PBS1994; Takei et al., 1995). Six independent homologous recombinants
at 48C overnight, and subsequently the following second antibodieswere microinjected into blastocysts of C57BL/6N mice following the
that were preabsorbed with embryonic powder, 1/100 diluted Cy2-standard protocol (Bradley, 1987) to raise three independent mutant
conjugated goat anti-rabbit Ig (Amersham) and 1/100 diluted Cy3-strains. They were maintained by backcrossing to C57BL/6J mice
conjugated anti-mouse Ig (Amersham), with brief washing steps.in a specific pathogen-free environment.
They were observed with a confocal laser microscope MRC1000
(Bio Rad).PCR Genotyping
For immunoelectron microscopy, we applied a kit for avidin-bio-The mice were genotyped by PCR using tail DNA as the template,
tin-peroxidase complex method (ABC-PO Kit, Vector Laboratorysynthetic primer pairs 59-AGAACCTTAGCATCCTGAGCCATTTTG-39
Inc.) according to manufacturer procedure. Briefly, embryos wereand 59-AGTGGTCGGAACGTCTCATCATAGAGC-39 for the wild-type
fixed with 3% paraformaldehyde/0.1% glutaraldehyde/10 mg/mlallele, and 59-TGGGCACAACAGACAATCGG-39 and 59-ACTTCGCC
taxol/0.1 M phosphate buffer (pH 7.3) at 48C overnight, quenched,CAATAGCAGCCAG-39 for the knockout allele. DNA extraction and
cryoprotected, and sectioned to 10 mm thick with a Leica CM3000PCR conditions were described previously (Tanaka et al., 1998).
cryomicrotome. The cryosections were permeabilized with 0.1%
Triton X-100 at RT for 30 min, quenched with 0.1 M L-lysine in PBSImmunoblotting
at RT for 30 min, treated with 0.3% H2O2/PBS at RT for 1 hr, blockedDissected embryos at 9.5 dpc were homogenized with a Dounce
with the blocking solution of the kit at RT for 1 hr, and incubatedhomogenizer in cold PBS-containing protease inhibitors and centri-
with 1.6 mg/ml of the above anti-KIF3B antibody or the normal rabbitfuged briefly at 15,000 rpm to remove insoluble debris. Six micro-
IgG at 48C overnight and then with the provided solutions of thegrams of the total soluble proteins was separated by SDS-PAGE
kit. After the enzyme reaction, the specimens were postfixed, bloc(Laemmli, 1970), then transferred onto a polyvinylidene fluoride
stained, embedded in Quetol-812 (Nisshin EM), ultrathin sectionedmembrane (Immobilon-P, Millipore) by a semidry method. The mem-
to 100 nm thick and observed by electron microscopy without elec-brane was incubated with 3.3 mg/ml of an anti-KIF3B antiserum
tron staining.(Yamazaki et al., 1995) overnight at 48C and subsequently with 1:100
diluted an alkaline phosphatase±conjugated goat anti-rabbit anti-
body (Cappel) with brief washing and blocking steps. The bands Video Microscopy
were visualized with NBT and BCIP (Boehringer Mannheim). For an observation chamber, an approximately 0.3 mm thick silicon
rubber sheet with small holes of various sizes (0.5±1 mm), another
Histological Analysis sheet with a punchhole, and a coverslip were mounted on a glass
Histological analysis was performed by the standard method (Kauf- slide. The rubber sheet was made by casting a liquid rubber
man, 1992). Dissected embryos were fixed with Bouin's fixative (Shin'etsu Silicone, Shin'etsu Chemicals). A 7.5 dpc wild-type em-
overnight, dehydrated through a graded alcohol series, cleared with bryo was dissected in PB1 buffer (Wood et al., 1987) and inserted
xylene, and embedded in Paraplast (Oxford Labware). Serial sec- into an appropriate hole in the chamber so that the node was located
tions (7 mm thick) were stained with haematoxylin-eosin and photo- just beneath the coverslip. The chambers were filled with the embryo
graphed with a Optiphot-2 microscope (Nicon). culture medium (Tam and Snow, 1980). For visualization of the nodal
flow, 20 ml (Figures 6A and 6B) or 3 ml (Figures 6C and 6D) of 0.01%
fluorescent latex beads (Fluoresbrite, d 5 0.07 mm, Polyscience)Electron Microscopy
For scanning electron microscopy, 7.5 dpc embryos were dissected was added to 1 ml of the media. In some assays, methylcellulose
(Sigma M0512, viscosity of 2% solution 5 4000 cPo) was added toin Hanks' Balanced Salt Solution (GIBCO-BRL) using fine tweezers
and tungsten needles and fixed immediately in fresh 2% paraformal- slow down the movement of the cilia by increasing the viscosity of
the medium. Movements of the cilia and the beads were observeddehyde/2.5% glutaraldehyde/0.1 M cacodylate buffer (pH 7.4) at 48C
overnight. After rinsing with 0.1 M cacodylate buffer, they were with an upright microscope BX60WI (Olympus) using a water immer-
sion objective, UPlanApo 60x/1.20W (Olympus). The differential in-postfixed with cold 1% OsO4/0.1 M cacodylate buffer for 15 min.
They were then dehydrated with a graded alcohol series, dried at terference image of the cilia and the fluorescent image of the beads
Cell
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were projected to a CCD camera (Hamamatsu Photonics) and en- Harvey, R.P. (1998). Links in the left/right axial pathway. Cell 94,
273±276.hanced by an image processor Argus-10 (Hamamatsu Photonics).
These data were recorded onto S-VHS for analyses on Macintosh Henrique, D., Adam, J., Myat, A., Chitnis, A., Lewis, J., and Ish-
computers using an NIH Image program (developed at the National Horowicz, D. (1995). Expression of a Delta homologue in prospective
Institutes of Health and are available on the Internet at http://rsb. neurons in the chick. Nature 375, 787±790.
info.nih.gov/nih-image/ ). Hirokawa, N. (1993). Axonal transport and the cytoskeleton. Curr.
Opin. Neurobiol. 3, 724±731.
Acknowledgments
Hirokawa, N. (1996). Organelle transport along microtubulesÐthe
role of KIFs (kinesin superfamily proteins). Trends Cell Biol. 6,
We are grateful to Hiroshi Hamada (Osaka University) for providing
135±141.
the lefty-2 probe and for valuable discussions; Hideyuki Yamamoto
Hirokawa, N. (1998). Kinesin and dynein superfamily proteins and(Burnham Institute, San Diego) for the whole-mount in situ hybridiza-
the mechanism of organelle transport. Science 279, 519±526.tion protocol; and N. R. Lomax (National Cancer Research Fund,
Kamiya, R. (1995). Exploring the function of inner and outer dyneinLondon) for taxol. We also thank Hiromi Sato, Masahiko Kawagishi,
arms with Chlamydomonas mutants. Cell Motil. Cytoskel. 32,Satoshi Inoue, Harukata Miki, and all other members of the Hirokawa
98±102.lab for technical assistance and help in manuscript preparation, and
Mizuki Aihara and Ken-ichi Wakabayashi for valuable suggestions Kaufman, M.H. (1992). Methodology. In The Atlas of Mouse Develop-
on the L±R asymmetry and ciliary movement. This work was sup- ment, M.H. Kaufman ed. (San Diego, CA: Academic Press), pp. 2±5.
ported by a grant for Center of Excellence (COE) from the Ministry Kondo, S., Sato-Yoshitake, R., Noda, Y., Aizawa, H., Nakata, T.,
of Education, Science, Sports and Culture of Japan to N. H. Matsuura, Y., and Hirokawa, N. (1994). KIF3A is a new microtubule-
based anterograde motor in the nerve axon. J. Cell Biol. 125, 1095±
Received August 19, 1998; revised October 29, 1998. 1107.
Kozminski, K.G., Beech, P.L., and Rosenbaum, J.L. (1995). The Chla-
References mydomonas kinesin-like protein FLA10 is involved in motility associ-
ated with the flagellar membrane. J. Cell Biol. 131, 1517±1527.
Afzelius, B.A., Eliasson, R., Johnsen, O., and Lindholmer, C. (1975).
Laemmli, U.K. (1970). Cleavage of structural proteins during the
Lack of dynein arms in immotile human spermatozoa. J. Cell Biol.
assembly of the head of bacteriophage T4. Nature 227, 680±685.
66, 225±232.
Levin, M., Johnson, R.L., Stern, C.D., Kuehn, M., and Tabin, C. (1995).
Afzelius, B.A. (1995). Situs inversus and ciliary abnormalities. What
A molecular pathway determining left-right asymmetry in chick em-
is the connection? Int. J. Dev. Biol. 39, 839±844.
bryogenesis. Cell 82, 803±814.
Aizawa, H., Sekine, Y., Takemura, R., Zhang, Z., Nangaku, M., and Melloy, P.G., Ewart, J.L., Cohen, M.F., Desmond, M.E., Kuehn, M.R.,
Hirokawa, N. (1992). Kinesin family in murine central nervous system. and Lo, C.W. (1998). No turning, a mouse mutation causing left-
J. Cell Biol. 119, 1287±1296. right and axial patterning defects. Dev. Biol. 193, 77±89.
Beech, P.L., Pagh-Roehl, K., Noda, Y., Hirokawa, N., Burnside, B., Meno, C., Saijoh, Y., Fujii, H., Ikeda, M., Yokoyama, T., Yokoyama,
and Rosenbaum, J.L. (1996). Localization of kinesin superfamily M., Toyoda, Y., and Hamada, H. (1996). Left-right asymmetric ex-
proteins to the connecting cilium of fish photoreceptors. J. Cell Sci. pression of the TGF beta-family member lefty in mouse embryos.
109, 889±897. Nature 381, 151±155.
Bellomo, D., Lander, A., Harragan, I., and Brown, N.A. (1996). Cell Meno, C., Ito, Y., Saijoh, Y., Matsuda, Y., Tashiro, K., Kuhara, S.,
proliferation in mammalian gastrulation: the ventral node and noto- and Hamada, H. (1997). Two closely-related left-right asymmetrically
chord are relatively quiescent. Dev. Dyn. 205, 471±485. expressed genes, lefty-1 and lefty-2: their distinct expression do-
Bloom, G.S., and Endow, S.A. (1995). Motor proteins 1: kinesins. mains, chromosomal linkage and direct neuralizing activity in Xeno-
Protein Profile 2, 1105±1171. pus embryos. Genes Cells 2, 513±524.
Bradley, A. (1987). Teratocarcinomas and Embryonic Stem Cells: A Morris, R.L., and Scholey, J.M. (1997). Heterotrimeric kinesin-II is
Practical Approach, E.J. Robertson, ed. (Oxford, U.K.: IRL Press), required for the assembly of motile 912 ciliary axonemes on sea
pp. 113±152. urchin embryos. J. Cell Biol. 138, 1009±1022.
Brown, N.A., and Wolpert, L. (1990). The development of handed- Odor, D.L., and Blandau, R.J. (1985). Observations on the solitary
ness in left/right asymmetry. Development 109, 1±9. cilium of rabbit oviductal epithelium: its motility and ultrastructure.
Am. J. Anat. 174, 437±453.Brown, N.A., McCarthy, A., and Wolpert, L. (1991). Development
of handed body asymmetry in mammals. Ciba Found. Symp. 162, PagaÂ n-Westphal, S.M., and Tabin, C.J. (1998). The transfer of left-
182±196; discussion 196±201. right positional information during chick embryogenesis. Cell 93,
25±35.Cole, D.G., Diener, D.R., Himelblau, A.L., Beech, P.L., Fuster, J.C.,
and Rosenbaum, J.L. (1998). Chlamydomonas kinesin-II-dependent Sambrook, J., Fritsch, E.F., and Maniatis, T. (1989). Molecular Clon-
ing: A Laboratory Manual (Plainview, New York: Cold Spring Harborintraflagellar transport (IFT): IFT particles contain proteins required
Laboratory Press).for ciliary assembly in Caenorhabditis elegans sensory neurons. J.
Cell Biol. 141, 993±1008. Scholey, J.M. (1996). Kinesin-II, a membrane traffic motor in axons,
axonemes, and spindles. J. Cell Biol. 133, 1±4.Dufort, D., Schwartz, L., Harpal, K., and Rossant, J. (1998). The
transcription factor HNF3beta is required in visceral endoderm for Shakir, M.A., Fukushige, T., Yasuda, H., Miwa, J., and Siddiqui,
normal primitive streak morphogenesis. Development 125, 3015± S.S. (1993). C. elegans osm-3 gene mediating osmotic avoidance
3025. behaviour encodes a kinesin-like protein. Neuroreport 4, 891±894.
Fujinaga, M., and Baden, J.M. (1991). Critical period of rat develop- Sulik, K., Dehart, D.B., Iangaki, T., Carson, J.L., Vrablic, T.,
ment when sidedness of asymmetric body structures is determined. Gesteland, K., and Schoenwolf, G.C. (1994). Morphogenesis of the
Teratology 44, 453±462. murine node and notochordal plate. Dev. Dyn. 201, 260±278.
Goldstein, L.S. (1993). With apologies to scheherazade: tails of 1001 Supp, D.M., Witte, D.P., Potter, S.S., and Brueckner, M. (1997). Muta-
kinesin motors. Annu. Rev. Genet. 27, 319±351. tion of an axonemal dynein affects left-right asymmetry in inversus
viscerum mice. Nature 389, 963±966.Handel, M.A., and Kennedy, J.R. (1984). Situs inversus in homozy-
gous mice without immotile cilia. J. Hered. 75, 498. Tabish, M., Siddiqui, Z.K., Nishikawa, K., and Siddiqui, S.S. (1995).
Exclusive expression of C. elegans osm-3 kinesin gene in chemo-Harada, A., Oguchi, K., Okabe, S., Kuno, J., Terada, S., Ohshima,
sensory neurons open to the external environment. J. Mol. Biol. 247,T., Sato-Yoshitake, R., Takei, Y., Noda, T., and Hirokawa, N. (1994).
377±389.Altered microtubule organization in small-calibre axons of mice lack-
ing tau protein. Nature 369, 488±491. Takei, Y., Harada, A., Takeda, S., Kobayashi, K., Terada, S., Noda,
Disruption of kif3B Leads to Random L±R Asymmetry
837
T., Takahashi, T., and Hirokawa, N. (1995). Synapsin I deficiency
results in the structural change in the presynaptic terminals in the
murine nervous system. J. Cell Biol. 131, 1789±1800.
Tam, P.P., and Snow, M.H. (1980). The in vitro culture of primitive-
streak-stage mouse embryos. J. Embryol. Exp. Morphol. 59,
131±143.
Tanaka, Y., Zhang, Z., and Hirokawa, N. (1995). Identification and
molecular evolution of new dynein-like protein sequences in rat
brain. J. Cell Sci. 108, 1883±1893.
Tanaka, Y., Kanai, Y., Okada, Y., Nonaka, S., Takeda, S., Harada, A.,
and Hirokawa, N. (1998). Targeted disruption of mouse conventional
kinesin heavy chain, kif5B, results in abnormal perinuclear clustering
of mitochondria. Cell 93, 1147±1158.
Walther, Z., Vashishtha, M., and Hall, J.L. (1994). The Chlamydomo-
nas FLA10 gene encodes a novel kinesin-homologous protein. J.
Cell Biol. 126, 175±188.
Wood, M.J., Whittingham, D.G., and Rall, W.F. (1987). The low tem-
perature preservation of mouse oocytes and embryos. In Mamma-
lian Development. A Practical Approach, M. Monk, ed. (Oxford, U.K.:
IRL Press), pp. 255±280.
Yagi, T., Nada, S., Watanabe, N., Tamemoto, H., Kohmura, N., Ikawa,
Y., and Aizawa, S. (1993). A novel negative selection for homologous
recombinants using diphtheria toxin A fragment gene. Anal. Bio-
chem. 214, 77±86.
Yamazaki, H., Nakata, T., Okada, Y., and Hirokawa, N. (1995). KIF3A/
B: a heterodimeric kinesin superfamily protein that works as a micro-
tubule plus end-directed motor for membrane organelle transport.
J. Cell Biol. 130, 1387±1399.
Yamazaki, H., Nakata, T., Okada, Y., and Hirokawa, N. (1996). Clon-
ing and characterization of KAP3: a novel kinesin superfamily-asso-
ciated protein of KIF3A/3B. Proc. Natl. Acad. Sci. USA 93, 8443±
8448.
